INTRODUCTION
T he increased incidence of sleep disorders after traumatic brain injury (TBI) relative to the general population has become increasingly well recognized. [1] [2] [3] [4] [5] [6] Traffic accidents are a common cause of TBI, and there is good evidence that the presence of some sleep disorders is associated with traffic accidents. [7] [8] [9] Cognitive dysfunction is a common and well-researched deficit after TBI and is a key factor preventing return to independent living, social re-adaptation, and vocational pursuits. [10] [11] [12] [13] Obstructive sleep apnea (OSA) and narcolepsy are associated with some degree of cognitive dysfunction. [14] [15] [16] [17] However, there is no literature on cognitive dysfunction in posttraumatic hypersomnia (PTH) or periodic limb movements in sleep (PLMS). The literature is sparse on the relationship of cognitive dysfunction to hypersomnolence in TBI.
The purpose of this study was to: 1) examine the prevalence of sleep disorders in a prospectively sampled group of subjects with TBI; 2) explore the relationship between the presence of sleep disorders, injury characteristics, and subject variables; 3) evaluate the impact of sleep disorders on cognitive functioning, mood state, and quality of life after TBI.
METHODS

Subjects
Subjects over 18 years old who were at least 3 months post TBI were prospectively recruited from rehabilitative services at 3 academic medical centers: Memorial Hermann Hospital (Houston, TX), Transitional Learning Center (Galveston, TX) and Philadelphia Veterans Administration Medical Center (Philadelphia, PA). The study was approved by the Committee for the Protection of Human Subjects/Institutional Review Board of all participating institutions. Each subject underwent a history and physical examination, and review of medical records. Exclusion criteria were: 1) presence of circadian rhythm disorder, 2) inability to give informed consent, and 3) use of sedating medications. Each consented subject was scheduled to undergo nocturnal and daytime sleep studies along with neuropsychological testing.
TBI severity was classified by considering both emergency room Glasgow Coma Scale (GCS) and CT scan findings according to traditional criteria. 14 A subject was classified as having a severe injury if his or her GCS score was less than 9 irrespective of CT scan findings. A subject was classified as having had a moderate injury with a GCS of 9-12 irrespective of CT findings, or with a GCS of 13-15 and a positive CT scan. 18, 19 A subject was classified as having a moderate/severe injury with a positive CT scan but without available GCS data to make a finer characterization. A subject was classified as having a mild traumatic brain injury with a GCS score of 13-15 and a negative CT scan.
Sleep Studies
An Epworth Sleepiness Scale (ESS) questionnaire 20 was completed by each subject on the night of polysomnography. Nocturnal polysomnograms (NPSG) were performed at least 3 months post injury in sleep laboratories in each center. Using standard techniques, 21, 22 a computer data acquisition and analysis system recorded the following signals: electroencephalogram (C 3 A 2 , C 4 A 1 , O 1 A 2 , and O 2 A 1 ), bilateral electroculogram, electrocardiogram, submental and bilateral anterior tibialis electromylogram, thoracic and abdominal excursion by piezocrystals, oral and nasal airflow by thermistor and breath sounds, body position, and oxygen saturation by pulse oximeter. Throughout the studies, subjects were monitored with an infrared video camera and a one-way intercom which connects the bedroom with the monitoring room. All studies were attended by polysomnographic technologists who also scored the studies using 30-second epochs with the Rechtschaffen and Kales criteria, 23 and each study was interpreted by a physician certified by the American Board of Sleep Medicine.
During the day subsequent to the sleep study, a multiple sleep latency test (MSLT) was used to assess objective physiologic sleepiness. The test was performed using standard techniques, and sleep onset was defined as the first epoch with any stage of sleep for >50% of the 30-second epoch. 24 Each subject took 5 naps of 20 minutes duration at 2-hour intervals. The following signals were recorded during the naps: EEG (C 3 A 2 , C 4 A 1 , O 1 A 2 , and O 2 A 1 ), bilateral electrooculograms, submental electromylogram, and electrocardiogram. The average sleep latency over these 5 naps was the MSLT score. Those with an MSLT score <10 minutes were termed sleepy and those with an MSLT score ≥10 minutes were non-sleepy. A urine sample was collected after the NPSG and during the MSLT with analysis for possible opiates, benzodiazepines, cannabinoids, amphetamines, or adrenergic drugs.
Respiratory events were scored as previously described.
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Obstructive apnea was defined by cessation of breathing ≥10 seconds with ≥4% fall in oxygen saturation and/or EEG arousal accompanied by continuous respiratory effort. Central apnea was defined by a cessation of breathing ≥10 seconds with ≥4% fall in oxygen saturation and/or EEG arousal without respiratory effort. Hypopnea was defined as >50% reduction in airflow for ≥10 seconds accompanied by ≥4% fall in oxygen saturation and/or EEG arousal. 
Neuropsychological Evaluation
Each subject underwent a brief neuropsychological evaluation and completed several self report measures. All subjects were evaluated on 2 occasions. To control for diurnal variations, all evaluations took place beginning at 10:30 between the second and third MSLT nap. The measures used are described below.
PSYCHOMOTOR VIGILANCE TEST (PVT)
Sustained attention was evaluated with the Psychomotor Vigilance Test (PVT). The PVT was chosen because it is sensitive to the effects of sleepiness on cognitive functioning as well as cognitive problems associated with OSA and its treatment. [27] [28] [29] The PVT is administered via a small hand-held computerized device with a 3-digit millisecond LED counter and display window (PVT-192: Ambulatory Monitoring Inc, Ardsley, NY). During the PVT, subjects are presented with a 10-minute trial in which they press a response button as soon as a number counting up from 0 is seen. Once the response button is pressed, the counter stops and feedback is given on their reaction time. The amount of time between stimulus presentations varies between minimum and maximum interstimulus intervals of 2000 and 10,000 ms. Performances are recorded in the PVT device and downloaded into a database after the testing bout.
For the purposes of this study, the average of the fastest 10% of reaction times, the average of the slowest 10% reaction times, and the number of lapses (reaction times > 500 ms) from the Psychomotor Vigilance Test (PVT) were selected for analysis. These variable were selected because they have been shown in prior research to be sensitive to sustained attention under conditions of sleep deprivation and in sleep disorders. [27] [28] [29] Normally, the PVT is given in several testing bouts across time. Owing to the time constraints involved in this study, each subject was exposed to the PVT once.
PROFILE OF MOOD STATES (POMS)
The Profile Of Mood States (POMS) 31 is a self-report measure in which subjects rate themselves on each of 65 adjectives using a 1-5 scale. These 65 responses yield 6 mood state scales: AngerHostility; Vigor-Activity, Depression-Dejection, Fatigue-Inertia, Tension-Anxiety, and Confusion-Bewilderment. This measure enjoys wide use in sleep research and has been shown to be sensitive to mood problems related to sleep disorders. 31, 32 
FUNCTIONAL OUTCOME OF SLEEP QUESTIONNAIRE (FOSQ)
The Functional Outcome of Sleep Questionnaire (FOSQ) is a self-report measure designed to assess the impact of sleep disor-The average education for the sample was 12.7 (± 2.2) years. The average time post injury was 64.3 (± 117.7) months.
Subgroup Analysis by MSLT
When objective sleepiness was measured by MSLT, 10 (11%) had MSLT scores <5 minutes, and 12 (14%) had MSLT scores 5-10 minutes. The subjects were divided into 2 groups based on the results of their initial MSLT. Those subjects with an MSLT score >10 minutes were classified as not sleepy. Those with an MSLT score <10 minutes were classified as sleepy. These included all of the narcolepsy and PTH subjects, along with 7 (35%) of the 20 OSA subjects. As noted above, the subject with both OSA and PLMS was in the sleepy group. The descriptive data for these two groups are depicted in Tables 1 and 3 and Figure 1 .
There were 22 sleepy subjects and 65 non-sleepy subjects. There were no significant differences (p >0.05) between the 2 groups in terms of age, education, GCS scores, or Epworth ders on daily functioning. 33 It has enjoyed use in sleep research and appears to be sensitive to treatment-related change. [34] [35] [36] There are 30 items which are divided into 5 scales: Activity, Vigilance, General Productivity, Social Outcome, and Intimacy and Sexual Relationships. These scales are summed to make a total score. Higher scores on the FOSQ indicate better daily functioning. The total score was used for this analysis.
Statistical Analysis
Comparability of demographic and baseline characteristics were summarized by subgroups using means and standard deviations (quantitative data) or frequency of counts (qualitative/categorical data).
Parametric t tests for independent samples were used to evaluate group differences when distributions were normal. Because many of the distributions were not normal, nonparametric statistical techniques were employed in the majority of group comparisons. Categorical data was analyzed using chi square tests. Where small cell sizes precluded the use of chi square, Fisher's exact test was employed. For nonparametric independent between group comparisons, the data were subjected to Mann-Whitney U.
RESULTS
There were a total of 87 TBI subjects who underwent sleep studies. The distributions of demographic and severity variables are listed in Table 1 . Note that there were 31 subjects who had insufficient clinical data upon which to make severity determinations. Polysomnographic data from these studies are in Table 2 . Forty-seven subjects (54%) had a normal NPSG and MSLT. Twenty (23%) were diagnosed with obstructive sleep apnea (OSA), 10 subjects (11%) were diagnosed with posttraumatic hypersomnia (PTH), 5 (6%) were diagnosed with periodic limb movements in sleep (PLMS), and 5 (6%) were diagnosed with narcolepsy. One subject was diagnosed with both OSA and PLMS. For the purpose of group comparisons, this subject was grouped with the OSA subjects, since this was her primary diagnosis. These distributions are depicted in Table  1 and Figure 1 . Those diagnosed with OSA had a mean apnea-hypopnea index (AHI) of 26.1 ± 19. Those diagnosed with PLMS had a mean PLM index of 17 ± 7 and a mean PLM-arousal index of 3.9 ± 4.4. Of these PLMS subjects, only one was sleepy (Epworth score of 15 and MSLT score of 5 minutes), and she also had OSA, with an AHI of 13. Although she had 31 PLM-arousals/hour, many of these may have been respiratory-related arousals. The remaining 5 PLMS subjects were asymptomatic, objectively not sleepy, and would not have met criteria for PLMD.
There were 24 females (28%) and 63 males (72%) in the total sample. The racial make up of the sample is included in Table 1 . The average age of the entire sample was 38.3 (± SD 15.1) years. , and injury severity (Fisher's exact p >0.53), frequencies were similar between the groups. The frequencies of different sleep diagnoses were different between the groups largely due to the fact that the normal subjects were not sleepy (Fisher's exact p <0.01). The time post injury was classified as 3 months, 4-6 months, 7-12 months, 13-24 months, 25-36 months, and greater than 36 months, and the distributions of subjects in each group were compared. Fisher's exact test disclosed no significant difference between the groups (p = 0.64). There was a significant difference between the groups on body mass index (BMI), with the sleepy subjects being heavier (p = 0.01). These distributions are depicted in Table 3 .
We next evaluated the relationship between sleepiness, cognitive functioning, mood state, and quality of life. The Functional Outcome of Sleep Questionnaire (FOSQ) total score, the 6 scales from the Profile of Mood States (POMS), the average of the fastest 10% of reaction times, the average of the slowest 10% reaction times, and the number of lapses (reaction times > 500 ms) from the Psychomotor Vigilance Test (PVT) were selected for this analysis. The distributions are depicted in Table 3 . Note that there were missing data from some of these neuropsychological tests. PVT analysis was based on 60 non-sleepy subjects and 20 sleepy subjects. The results of these group comparisons disclosed: 1) that the sleepy subjects' fastest reaction times were significantly slower than the non-sleepy subjects (p <0.05); 2) that the sleepy subjects made more lapses (p < 0.05) than the non-sleepy group; 3) that there was a trend toward the sleepy subjects having a slower average slow reaction times (p = 0.05).
The POMS analysis was based on 59 non-sleepy subjects and 23 sleepy subjects and disclosed no significant differences between sleepy and non-sleepy subjects. The FOSQ analysis was based on 48 non-sleepy subjects and 16 sleepy subjects. The sleepy subjects reported significantly higher FOSQ scores than did the non-sleepy group (p <0.05), indicating better self-rated quality of life in the sleepy subjects. 
Relation Between Sleepiness and Diagnosed Sleep Disorders
All of the PTH and narcolepsy subjects were objectively sleepy by definition. Of the 20 OSA subjects, 7 (35%) had MSLT scores <10 minutes and there was no significant correlation between apnea-hypopnea index (AHI) and MSLT score (r = -0.18, p >0.05). Only one of the PLMS subjects had an MSLT <10 minutes. However, this subject was found to have both OSA and PLMS. There was no significant correlation between PLM index and MSLT score (r = 0.11, p >0.05).
Data Analysis by Diagnosis
In this analysis TBI subjects who were diagnosed with sleep disorders were compared to non-sleep-disordered subjects on the same variables described in the prior analyses. The descriptive data for these 2 groups are depicted in tables 4 and 5. There were 40 sleep-disordered subjects and 47 non-sleep-disordered subjects. There were no significant differences (p >0.05) between the 2 groups in terms of education or GCS scores. However, the sleep-disordered subjects were significantly older than their nonsleep-disordered peers (43 .5 + 13 vs 34.3 ± 14.8 years, p = 0.01). There were equivalent numbers of males and females in each group χ 2 (N = 87) = 0.96, p >0.05. Race, (Fisher's exact p = 0.86), cause of injury (Fisher's exact p = 0.33), positive CT scan findings (Fisher's exact p = 0.28), and injury severity (Fisher's exact p = 0.53) frequencies were similar between the groups. The time post injury data was classified as 3, 4-6, 7-12, 13-24, 25-36 and greater than 36 months, and the distributions of subjects in each group were compared. Fisher's exact test disclosed no significant difference between the groups (p = 0.62). There was a significant difference between the groups on body mass index (BMI), with the sleep disordered subjects being heavier (29.2 ± 7 vs 26.3 ± 4.1 kg/m 2 , p < 0.05). The 2 groups were compared on the same measures as in previous analyses. The distributions are depicted in Table 5 . Note that there was incomplete data for some of these analyses. The PVT data analysis was based on 44 non-sleep-disordered subjects and 36 sleep-disordered subjects. The results of these group comparisons disclosed: 1) that the sleep-disordered subjects' fastest reaction times were significantly slower than the non-sleep-disordered subjects (p <0.05); 2) that the sleep-disordered subjects demonstrated significantly slower slow reaction times (p <0.05); and 3) that the sleep-disordered subjects made more lapses (p <0.05) than the non-sleep-disordered group.
The POMS analysis was based on 43 non-sleep-disordered subjects and 39 sleep-disordered subjects. POMS scores did not differ significantly between the groups. The FOSQ analysis was based on 36 non-sleep-disordered subjects and 28 sleep-disordered subjects. There was a trend toward the sleep disordered subjects reporting significantly higher FOSQ scores than the nonsleep-disordered subjects (p = 0.08). In order to determine if there was an association between self-reported sleepiness and objectively verified sleepiness, a bivariate correlation was calculated between the MSLT and Epworth Sleepiness Scale (ESS) using all of the subjects with complete data. The resulting correlation was not significant r (80) = 0.10, p >0.05.
DISCUSSION
In the present study, we evaluated the presence and impact of sleep disorders in a cohort of prospectively recruited TBI subjects. Forty-seven percent of our sample was found to have a sleep disorder: OSA (23%), PTH (11%), narcolepsy (6%), or PLMS (7%). Twenty-six percent of the sample had EDS as measured by the MSLT score <10. Injury severity, the presence of a positive CT scan, and GCS scores were not associated with the presence of EDS. Subjects with an MSLT <10 objectively demonstrated more problems with vigilance but actually reported better sleeprelated quality of life than non-sleepy subjects. There were no significant differences in self-reported mood state between the 2 groups. Comparisons of sleep-disordered versus non-sleep-disordered subjects disclosed no relationship between the presence of a sleep disorder and injury severity, cause of injury, or the presence of positive CT scan findings. Sleep-disordered subjects were more likely to have a higher BMI and demonstrated difficulties with psychomotor vigilance; they showed no differences in mood state and showed a trend toward better self-reported sleep related quality of life. Prior studies 4, 5 have shown that in symptomatic (sleepy) TBI subjects, 32%-70% have SDB, 1%-3% have narcolepsy, and 1%-4% have PTH. Lankford et al. 37 reported 8 of 9 sleepy TBI subjects to have posttraumatic narcolepsy, while the 9 th met criteria for PTH. Only 2 prior studies have been done on unselected TBI subjects, but these patients were recruited from inpatient rehabilitation facilities, had severe injury, and were often less than 3 months post injury. These studies found that 12%-36% of their samples had SDB. Only one of these studies included MSLTs. This study included only inpatients and found that 47% were objectively sleepy (MSLT score <10 minutes), 3% had narcolepsy, and 28% had PTH. The current study found fewer subjects with objective sleepiness (26%), as would be expected from a prospective study that included predominantly outpatients who were more than 3 months post injury. The prevalence of demonstrable sleep disorders in our study (46%) may be more representative than studies composed of acute or referred samples. The presence of PLMS as a diagnostic finding presents some problems, since most of these subjects were asymptomatic and had less than 5 PLM-arousals/hour. Thus the periodic limb movements (PLMs) noted may constitute an incidental finding of little or no clinical significance in most subjects. There was only one subject with PLMS and an MSLT score <10 minutes, and that subject also had OSA. If we exclude PLMS, then 40% of our TBI subjects had significant sleep disorders. PTH was the second most common sleep disorder (11%) after OSA (23%) in TBI subjects, while 6% had narcolepsy. The MSLT is a necessary part of the sleep evaluation in TBI subjects, since approximately 17% of our TBI subjects had either PTH or narcolepsy, both of which require MSLT for diagnosis.
The fact that narcolepsy is so frequent (6%) in our study sample and in other studies compared to the general population (0.05%) suggests that either some of the subjects had pre-existing narcolepsy, or that TBI may precipitate the onset of narcolepsy symptoms. 2, 4, 5, 37 Since both those subjects with OSA 8 and narcolepsy 9 have a greater chance of MVAs and hence TBI, it is not surprising that both conditions have a higher prevalence in post-TBI subjects. It is very possible that some of our subjects may have had a preexisting undiagnosed sleep disorder, and that the presence of a sleep disorder may actually have contributed to the occurrence of the accident that caused traumatic brain injury. We cannot determine whether TBI or sleep disorder came first, since the purpose of our study was to examine the prevalence and consequences of sleep disorders in patients with TBI, and there was no way to determine how many of these subjects actually had a sleep disorder prior to injury. Pre-TBI symptoms of hypersomnia were not found by Guilleminault et al 2 in any of the 59 TBI patients with SDB, while 3 of 10 subjects in another study 5 had preexisting symptoms. Two of these had SDB and one had narcolepsy. The reliability of the history of preexisting symptoms is very questionable in most cases, given both the medical-legal implications and the dubious reliability of cognitively impaired post-TBI subjects as historians.
We did not find any specific relationship between the presence of sleep disorders and the severity of injury. We did not find significantly different distributions of mildly, moderately, or severely injured subjects in the sleepy and non-sleepy groups or the sleep-disordered and non-sleep-disordered TBI subjects. Similarly, there was no relationship between the presence of CT lesions and sleep disorders or sleepiness. Unfortunately, our study is missing severity data and CT data on a number of subjects, which is a weakness of this study. However, the lack of significant relationships between TBI severity or the presence of CT lesions and sleep disorders has been found previously in a large cohort. 4 Thus, the weight of the evidence would suggest that TBI severity and the presence of CT lesions are independent of sleep disorders and sleepiness. This is the first study demonstrating that the presence of a sleep disorder adds an additional cognitive burden in TBI subjects. Sleepy subjects showed slower reaction times and made more lapses on the PVT than non-sleepy subjects. The relationship between sleepiness and decreased neurobehavioral functioning has been reported previously in sleep-deprived nonclinical samples. 29 In addition, vigilance problems and EDS appear to commonly co-occur in narcolepsy subjects. 39 TBI has long been associated with significant cognitive impairments. 40 It would appear from our results that vigilance problems are increased in this population by the presence of a sleep disorder or EDS, and it is possible that these vigilance problems may underlie the cognitive problems of TBI subjects with heretofore unrecognized sleep disorders. Since the sleep-disordered subjects were somewhat older than the non-sleep-disordered subjects, it could be argued that the differences in vigilance might be the result of this age difference. However, correlational analyses disclosed small relationships between PVT variables and age that ranged from r = -0.13 to r = 0.23), which would suggest that age is not responsible for this finding.
In spite of objective evidence of poor vigilance, there was a trend towards sleepy TBI subjects and TBI subjects with a sleep disorder diagnosis to actually report better sleep related quality of life than those that did not carry a diagnosis and/or were not sleepy. TBI is often associated with reduced awareness of problems. 41 Thus, it is highly likely that poor awareness resulted in subjects overreporting self-perceived quality of life and perhaps underreporting mood changes and subjective sleepiness. This conclusion is supported by the low correlation between the MSLT (objective sleepiness) and the ESS (subjective sleepiness) and nonsignificant group differences on POMS measures that would be sensitive to sleep related problems such as Fatigue and Vigor. Future research with this population of sleep disorder subjects as well as clinical evaluations should include objective performance measures as well as collateral report for family and significant others in order to establish a reliable symptom picture and history.
Vigilance problems may make these subjects more prone to have problems in daily functioning. Thus, it is possible that the presence of a sleep disorder causes more functional disability in TBI. The impact of vigilance problems on the day to day functioning of TBI subjects has not been established. This paper could not address the first possibility, because of apparently unreliable reports from our subjects and the lack of data on day to day functioning from collateral informants. This is one of the weaknesses of this study and emphasizes the importance of data from collateral informants in studies on functional outcome. A future paper from this project will begin to address whether optimal treatment improves vigilance problems.
The high prevalence of excessive daytime sleepiness, obstructive sleep apnea, posttraumatic hypersomnia, and narcolepsy after traumatic brain injury leaves us with the conclusion that these subjects should undergo complete sleep evaluations, including NPSG and MSLT. Sleepy TBI subjects have more impaired cognitive function and vigilance performance than other TBI subjects but may be unaware of problems. This may also explain the lack of correlation between MSLT and ESS in these subjects. Hence objective testing should be used in order to assess pathology. Since daytime sleepiness and some neuropsychological deficits of TBI subjects may be due to treatable sleep disorders, their diagnosis and treatment may have a favorable impact on care.
